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ABSTRACT 

The e f f e c t  of i n i t i a l  spinal  alignment on the  locat ion and mag- 
nitude o f  maximum vertebral  stress during e j ec t ion  was s tudied using 
the Orne-Liu d i s c r e t e  parameter model of the spine.  
shoulder harness, and s e a t  back r e s t r a i n t s  were added t o  the model as 
l i n e a r  springs.  Spinal alignment data  used were from x-rays of Sth, 
40th and 95th pe rcen t i l e  ( s i t t i n g  height) men seated i n  the MK-J5(D) 
e j ec t ion  s e a t  under s t a t i c  conditions. Maximum normal s t r e s s e s  were 
shown t o  occur a t  Ll(Sth),  T12(40th) and T9(95th) with face curtain 
and shoulder harness r e s t r a i n t .  
exact ly  t o  the  predict ions of i n ju ry  based on s t a t i c  observations of 
t he  curvature of the i n i t i a l  configuration of  the p i l o t ' s  spine.  
clusion of poster ior-anter ior  s e a t  back support decreased maximum 
s t r e s s e s  as did the  use of an improved lumbar pad which placed the 
lower spinal  column i n  extension. Fai lure  t o  u t i l i z e  the face cu r t a in  
r e s t r a i n t  gave r i s e  t o  large normal s t r e s s e s  i n  the upper thoracic  
column. Results indicated t h a t  a s t a t e  of nearly uniform ax ia l  s t r e s s  
e x i s t s  i n  the column during e j ec t ion  and thus the location of maximum 
bending s t r e s s  d i c t a t e s  The spinal  locat ion of maximum normal s t r e s s .  
Hence, i n i t i a l  spinal  alignment, i n  terms of the curvature of the 
column, i s  a major determinant of the location and magnitude of maxi- 
mum normal stress f o r  a given s e t  of r e s t r a i n t s .  

Face cu r t a in ,  

These locations correspond almost 
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INTRODUCTION 

The advent of  high speed and performance a i r c r a f t  during t h e  
e a r l y  1940's n e c e s s i t a t e d  t h e  development o f  powered p i l o t  e x t r a c t i o n  
systems. The e j e c t i o n  systems a r e  capable o f  s epa ra t ing  a man from an 
a i r c r a f t  without h i s  s t r i k i n g  t h e  v e r t i c a l  s t a b i l i z e r  and a t t a i n i n g  
s u f f i c i e n t  he ight  t o  a l low parachute  deployment dur ing  low l e v e l  ejec- 
t i o n .  
e j e c t i o n  device,  t h e  man-seat u n i t  must be sub jec t ed  t o  a r e l a t i v e l y  
high amplitude,  s h o r t  du ra t ion  a c c e l e r a t i o n  pu l se  (Figure 1). Unfor- 
t u n a t e l y ,  t h i s  genera tes  l a r g e  €orces and deformations i n  t h e  s p i n a l  
column which sometimes may exceed safe l e v e l s  as i s  evidenced by t h e  
l a r g e  number of  v e r t e b r a l  f r a c t u r e s  which have been repor ted  fol lowing 
e j ect  ion .  

In  o rde r  t o  accomplish t h i s  during t h e  s t r o k e  length  of  t he  

Moffatt  and Howard (1968) made an ex tens ive  compilat ion of  U.S. 
A i r  Force and Navy a i r c r a f t  e j e c t i o n s  during t h e  per iod  1959-1967. 
They found t h a t  17% o f  t h e  e j e c t i o n s  r e s u l t e d  i n  v e r t e b r a l  f r a c t u r e s  
with most (70%) occurr ing  i n  t h e  lower t h o r a c i c  reg ion  (T7 through 
T12) (Figure 2 ) .  Shannon (1970) s,tudied 561 combatant and noncom- 
ba tan t  e j e c t i o n s  which occurred during 1967 and 1968. 
8.5% o f  t h e  e j e c t e e s  demonstrated v e r t e b r a l  f r a c t u r e s  which were 
caused e n t i r e l y  by t h e  e j e c t i o n  system. 
upper lumbar reg ions  were found t o  be t h e  prime i n j u r y  s i tes .  

In  t h i s  s tudy ,  

Again t h e  lower tho rac i c  and 

A t  a r ecen t  (1973) E jec t ion  Sea t  Committee meeting o f  AGARD, t h e  
cont inuing ser iousness  o f  t h e  e j e c t i o n  problem was repor ted  by Prof .  
R. P. Delahaye o f  France on behal f  o f  a l l  t h e  p a r t i c i p a t i n g  NATO coun- 
t r ies .  These included the  B r i t i s h ,  Hel len ic ,  I t a l i a n ,  German and French 
A i r  Forces.  The U.S. was represented  by s t a t i s t i c s  from the  Army and 
A i r  Force, bu t  no t  t he  Navy. O f  678 e j e c t i o n  episodes i n  1972, t h e r e  
were 114 dea ths ;  98 p i l o t s  sus t a ined  s p i n a l  i n j u r i e s ,  which r e s u l t e d  in  
160 v e r t e b r a l  f r a c t u r e s .  The d i s t r i b u t i o n  of  160 f r a c t u r e s  i n  98 p i l o t s  
is shown i n  Figure 3 .  Figure 4 shows t h e  d i s t r i b u t i o n  of  f r a c t u r e s  i n  
p i l o t s  with mul t ip le  s p i n a l  f r a c t u r e s .  
e s t  incidence of i n j u r y  t o  be a t  T7 - T8 and a t  T12 - L 1 ,  t he  thoraco-  
lumbar t r a n s i t i o n  ve r t eb ra .  Prof.  Delahaye f u r t h e r  s t a t e d  t h a t  t he  f r e -  
quency o f  mu l t ip l e  f r a c t u r e s  was increas ing .  
consensus t h a t  poor  i n i t i a l  conf igura t ion  i s  t h e  p r i n c i p l e  cause of 
f r a c t u r e ,  and t h a t  t h i s  has  been proven convincingly through t h e  use of  
t h e  powered i n e r t i a l  r e e l  i n  t h e  German A i r  Force. With r e spec t  t o  an- 
thropomorphic type ,  he repor ted  t h a t  " th in  and t a l l "  p i l o t s  have h igher  
frequency o f  f r a c t u r e  i n  t h e  T7 - T8 reg ion ,  while "s tout  and medium" 
p i l o t s  tend t o  have T12 - L 1  f r a c t u r e s .  

Figures 3 and 4 show the  g r e a t -  

There e x i s t s  a general  

In  add i t ion  t o  t h e  medical a spec t s ,  t h e r e  i s  a s u b s t a n t i a l  eco- 
nomic c o s t  a s soc ia t ed  with unnecessary f r a c t u r e .  Ewing (1971) calcu-  
l a t e d  an average yea r ly  c o s t  t o  t h e  U.S. Navy of  $6,797,718 f o r  a v i a t o r s  
who had sus t a ined  v e r t e b r a l  f r a c t u r e s .  

Latham (1957) was one of t h e  f i rs t  i n v e s t i g a t o r s  t o  c o r r e l a t e  
v e r t e b r a l  f r a c t u r e  with t h e  biomechanics of  t h e  s p i n a l  column. He 
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repor ted  on work done by t h e  German A i r  Force during t h e  e a r l y  4 0 ' s  
which ascr ibed  a n t e r i o r  f r a c t u r e s  of t h e  ve r t eb rae  t o  excess ive  f l ex ion  
of  t h e  t runk.  
t a i n  c o r r e c t  sp ina l  alignment p r i o r  t o  e j e c t i o n  and t h e  increased  bend- 
ing  induced by t h e  rearward r o t a t i o n  o f  t h e  t h r u s t  ax i s  r e l a t i v e  t o  t h e  
geometric a x i s  o f  t h e  sp ine .  Bosee and Payne (1961) s tud ied  t h e  Martin- 
Baker e j e c t i o n  system. 
f r a c t u r e  was due t o  bending stresses which could be induced by poor i n -  
i t i a l  s p i n a l  alignment.  This hypothesis  was l a t e r  corroborated exper i -  
mental ly  by Vulcan e t  a l .  (1970). 
v e r  ve r t eb rae  and demonstrated t h e  ex i s t ence  of l a rge  compressive 
stresses on the  a n t e r i o r  edge o f  t h e  v e r t e b r a l  body. 

Addit ionaly,  he noted t h e  need f o r  a lumbar pad t o  a t -  

They pos tu l a t ed  t h a t  t h e  common a n t e r i o r  l i p  

They a t tached  s t r a i n  gages t o  cada- 

Mathematical models have a l s o  been employed t o  s tudy  t h e  v e r t e -  
b r a l  f r a c t u r e  problem. 
deformation. Latham (1957) modelled t h e  man, e j e c t i o n  seat ,  sp ine  con- 
f i g u r a t i o n  as a s i n g l e  spring-mass system. Unfortunately,  t he  use o f  a 
s i n g l e  spring f o r  t h e  sp ine  prevents  any s tudy o f  r eg iona l  s p i n a l  
f a i l u r e s ,  e .g . ,  t h e  propens i ty  of  lower tho rac i c  and upper lumbar f r a c -  
t u r e  noted e a r l i e r .  This  def ic iency  was somewhat r e c t i f i e d  by Toth 
(1967) who used e i g h t  sp r ing ,  mass elements t o  s tudy the  T11-pelvis seg- 
ment. However, t h e  model was s t i l l  confined t o  a s tudy of  a x i a l  de- 
formations.  

Early models were der ived t o  s tudy  only a x i a l  

Vulcan and King (1970) used a t h r e e  mass model t o  s tudy  t h e  ef- 
fec t  o f  harness  and seat back c o n s t r a i n t s  (Figure 5 ) .  
a t  t h e  lower v e r t e b r a l  l e v e l s  were determined by changing the  dimen- 
s ions  and mass o f  t h e  t o r s o  u n i t  t o  correspond t o  d i f f e r e n t  s p i n a l  
l e v e l s .  Again i t  was found t h a t  l a rge  bending and a x i a l  fo rces  ex i s t ed  
i n  t h e  lower tho rac i c  and upper lumbar sp ine .  

Orne and Liu (1971) have der ived the  most comprehensive model of 
t h e  sp ina l  column p resen t ly  a v a i l a b l e .  This  model c o n s i s t s  o f  a series 
of r i g i d  masses connected by v i s c o e l a s t i c ,  massless beams. This  formu- 
l a t i o n  r e c t i f i e d  most o f  t he  ear l ie r  shortcomings by accounting f o r  ax i -  
a l ,  shear ,  and bending deformations of  t he  sp ina l  column, t h e  v a r i a b l e  
s i z e  of  ver tebrae  and d i s c s ,  t he  n a t u r a l  curva ture  of  t he  sp ine ,  and t h e  
e c c e n t r i c  i n e r t i a l  loading on t h e  sp ine  produced by t h e  mass of  t h e  head 
and t runk .  
t h i s  model i nd ica t ed  t h a t  l a r g e  a n t e r i o r  stresses d id  e x i s t  i n  t h e  lower 
t h o r a c i c  and upper lumbar reg ions  i f  t h e  stresses due t o  a x i a l  and bend- 
ing  fo rces  were combined according t o  the  s t r eng th  of  materials formula, 
(T = P/A k Mc/I. 
fact  t h a t  i t  d id  not  account €or t h e  r e s t r a i n i n g  e f f e c t  o f  t h e  shoulder  
harness  and/or seat  back. 

The fo rce  l e v e l s  

A s tudy of  a t y p i c a l  unres t ra ined  e j e c t i o n  sequence with 

A s e r ious  shortcoming of t h i s  model, however, was the  

The purpose o f  t h e  p re sen t  i n v e s t i g a t i o n  was t o  extend t h e  Orne- 
Liu mod,el by inc luding  the  effects of  ex te rna l  c o n s t r a i n t s .  
accomplished and t h e  model used t o  s tudy t h e  e f f e c t s  o f  i n i t i a l  curva- 
t u r e  on sp ina l  i n j u r y  p o t e n t i a l  of t h e  MK-J5(D) e j e c t i o n  system. 

This  was 

4 
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MK-J5 EJECTION SYSTEM 

The sepa ra t ion  of  t h e  a v i a t o r  from t h e  cockpi t  i s  accomplished 
by t h e  Model MK-J5 e j e c t i o n  seat  shown i n  Figure 6.  
f u l l y  automatic ,  c a r t r i d g e  opera ted  e j e c t i o n  system which inco rpora t e s  
t h e  fol lowing f e a t u r e s :  

The MK-J5 i s  a 

1. A high  v e l o c i t y  e j e c t i o n  gun which provides  s u f f i c i e n t  acce le ra -  
t i o n  t o  clear t h e  v e r t i c a l  s t a b i l i z e r  and a t t a i n  s u f f i c i e n t  a l -  
t i t u d e  f o r  safe chute  deployment during low l e v e l  e jec t ion . .  

2 .  A dual  automatic  l e g  r e s t r a i n i n g  mechanism which he lps  prevent  
f l a i l  i n j u r i e s  t o  t h e  l eg .  

3. An i n t e g r a t e d  back pad and seat pan. 

4.  A face b l i n d  which he lps  r e s t r a i n  forward head motion, 

Despite t h e s e  f e a t u r e s ,  s e v e r a l  shortcomings o f  t h e  system have 
been descr ibed .  Bosee and Payne (1961) and Kaplan (1972) have ind ica t ed  
t h a t  t h e  MK-JS(A,B) e j e c t i o n  system fo rced  t h e  a v i a t o r  i n t o  a f l exed  po- 
s i t i o n  i n  t h e  lower s p i n a l  reg ion  and a l s o  p laced  t h e  mass o f  t h e  head 
and thorax  f u r t h e r  a n t e r i o r  than would be commensurate with good s p i n a l  
alignment.  This  i n i t i a l  con f igu ra t ion  would predispose  t h e  a v i a t o r  t o  
s p i n a l  f r a c t u r e .  Addi t iona l ly ,  Kaplan (1972) ind ica t ed  t h a t  i n s u f f i c i -  
e n t  t h i g h  suppor t  could exacerba te  f l ex ion  i n  t h e  lumbar reg ion  through 
an induced r o t a t i o n  o f  t h e  p e l v i s .  
f o r  proper  des ign  o f  t h e  lumbar suppor t  pad. 

He a l s o  poin ted  ou t  t h e  n e c e s s i t y  

In  o r d e r  t o  r e c t i f y  some o f  t h e s e  problems, modi f ica t ions  were 
made t o  t h e  MK-JS(A,B) system. Kaplan (1972) r epor t ed  on these  changes 
which a r e  des igna ted  t h e  MK-J5(D) system (Figure 7 ) .  I t  was found t h a t  
comfort had inc reased  through t h e  inco rpora t ion  of an improved harness  
system and an e longat ion  o f  t h e  th igh  suppor t .  
f l e x i o n  was reduced when compared t o  t h a t  o f  t h e  e a r l i e r  MK-JS(A,B) sys-  
tem, bu t  c e r t a i n  s i z e  p e r c e n t i l e  a v i a t o r s  were s t i l l  predisposed t o  
f r a c t u r e  due t o  improper alignment.  Kaplan (1972) no te s :  "The 5 th  and 
95th p e r c e n t i l e s  ( s i t t i n g  he igh t )  appear  t o  be more predisposed t o  ve r -  
t e b r a l  f r a c t u r e  than t h e  40th p e r c e n t i l e  due t o  s e a t  back contour de- 
s ign .  The face  c u r t a i n  f i r i n g  p o s i t i o n  increased  v e r t e b r a l  f l ex ion  i n  
the  95th p e r c e n t i l e . "  

In a d d i t i o n ,  t h o r a c i c  

Kaplan (1972) a l s o  analyzed s t a t i c a l l y  t h e  p r o b a b i l i t y  o f  Erac- 
t u r e  from s p i n a l  alignment x-rays taken while  S th ,  40th and 95th pe r -  
c e n t i l e  ( s i t t i n g  he igh t )  a v i a t o r s  were sea t ed  i n  t h e  MK-JS(D) system i n  
t h e  f ace  c u r t a i n  (pos i t i on  1)  o r  secondary "D" r i n g  p o s i t i o n  (pos i t i on  
2 ) .  A cons ide ra t ion  o f  t h e  s p i n a l  alignments i nd ica t ed  t h a t  t h e  

6 



Figure 6 .  MK-JS(A,B) Ejec t ion  System 
(Taken from Kaplan) 
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n figure 7. MK-JS(D) Ejection System 
(Taken from Kaplan) 
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probable level of f r ac tu re  d i f f e red  with pe rcen t i l e  s i t t i n g  height as 
given below i n  Table 1: 

TABLE 1 

PREDICTED FRACTURE LEVELS, Kaplan (1972) 

Percent i le  S i t t i n g  Height 

5 .- 40 - 95 - 
Spinal Level "12 T9-11 T9 

In order t o  study these s t a t i c a l l y  derived observation4 under dynamic 
conditions,  t he  Orne-Liu model of t he  sp ina l  column, with r e s t r a i n t  
added, was used t o  invest igate  the  dynamic response of the spine using 
data  reported by Kaplan (1972). 
- 

OWE-LIU MODEL WITH CONSTRAINTS 

The main load carrying component of t he  human body during ejec-  
t i o n  i s  the  sp ina l  column (Figure 8 ) .  
23  i n t e rve r t eb ra l  discs .  In accordance w i t h  t h e i r  weight bearing func- 
t i o n s ,  t he  vertebrae and d i sc s  increase i n  s i z e  caudally. Regional 
var ia t ions i n  the shape of these components account f o r  the cervical ,  
thoracic  and lumbar curvatures found i n  t h e  adul t  spine.  The mobility 
o f  the spine is  primarily due t o  the  f l e x i b i l i t y  of the in t e rve r t eb ra l  
discs  while t he  limits of motion are defined by ligaments, f ace t s ,  mus- 
c l e s  and bony overlaps. An important consideration i n  the present i n -  
vest igat ion i s  the e f f e c t  of t he  r i b s  i n  preventing midsagittal  f lexion 
of the thoracic column. The r e l a t i v e l y  s t i f f ,  box-like thoracic  cage 
h a s  p r a c t i c a l l y  a rigid-body motion r e l a t i v e  t o  t h e  cervical  o r  lumbar 
spine,  i . e . ,  t he  mobility of t he  spine i n  t h e  midsagittal  plane is  
largely confined t o  the  lumbar and cervical  regions. 

I t  consis ts  of 33 vertebrae and 

Basing t h e i r  work on the anatomy of the spine,  Orne and Liu (1971) 
have formulated the  most advanced dynamic spinal  model now avai lable .  
The model consis ts  of a l t e rna t ing  r i g i d  masses, which represent the in -  
e r t i a l  propert ies  of  t he  to r so ,  and massless deformable l i nks  which ac- 
count for  the  e l a s t i c  propert ies  of the sp ina l  column (Figure 9).  This 
d i sc re t i za t ion  allows the  spinal model t o  account fo r ,  simultaneously: 

1. the  a x i a l ,  shear and bending deformations of the d i sc s ,  

2 .  the  var iable  s i z e  of vertebrae and d i sc s ,  

3. t he  natural  curvature of t h e  spine, 

4.  t he  eccentr ic  i n e r t i a l  loading on the  spine produced by the 
mass o f  t he  head and trunk. 

9 
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The following equations of motion fo r  the model a re  given on'ly 
Details of  f o r  t he  purpose of showing how the  constraints  a r e  added. 

t he  der ivat ion may be found i n  Orne and Liu (1971). 
on the ver tebral  body a re  shown i n  Figure 10, which i s  the free-body 
diagram f o r  a typical  ver tebral  segment. 
an eccen t r i c i ty ,  e i ,  with respect t o  the v e r t i c a l  axis  of the ver tebral  
body. 
t he  s a g i t t a l  plane and through the  center of mass and h i  is  one-half 
the ver tebral  height.  The equations of motion of the vertebrae are:  

Qi-1 

The forces act ing 

The center  of mass, m i ,  has 

J i  i s  the mass moment of i n e r t i a  about an ax i s  perpendicular t o  

m Zi = Qi - i 

and 

'i-1 m 'i = P i -  i i  

and 

Ji ai = (F3i-l - Bi) - C2iQi-1 + C3iQi + CliPi-l - CqiPi 

where Cli - - - (hi s i n  4 + e cos I$.) 

CZi = - (hi cos I$ - e s i n  4 . )  

Cgi = h.  cos Qi + e 

i i  1 

i i  1 

s i n  I$i 1 i 

Cqi = h .  s i n  4, - e cos 4i 1 i 

The Q i ,  P i ,  F3i, and B i  a r e  the force and moment reactions of the 
To these equations must be added the  constrain- discs  on the vertebrae.  

ing forces o f  the shoulder harness, face curtain,  and seat back. A l -  
though the Orne-Liu model can be used t o  represent each ver tebral  level  
as a separate e n t i t y ,  i t  would unnecessarily complicate the modelling 
process t o  d i sc re t i ze  the e n t i r e  column. Thus, t he  segments T1 t o  T6 
were modelled as  a r i g i d  l i nk .  This assumption is based on the work of 
Snyder e t  a l .  (1971), who found t h a t  t he ' t ho rac i c  segments which support 
the r i b  cage a c t  as a r i g i d  l i nk  insofar  as midsagittal  bending is  con- 
cerned. A l s o ,  the  vas t  majority of ver tebral  f r ac tu res  occur below the 
level of T6. Additionally, the cervical  region was lumped i n t o  two seg- 
ments. 
through C 1 .  
o f  t he  shoulder harness, face curtain,  and s e a t  back. By including the 
r e s t r a in ing  forces t h e  equations of motion change t o :  

One segment contained vertebrae C7 through C4 and the other  C3 
Linear springs were used t o  model the r e s t r a in ing  e f f e c t s  

Si = Qi - Qi,l - RXi 

m'i = P.  - Pi,l - RZi 
i i  

1 2  



Ji qi = (F3i-l - Bi - Mi - MZi) - CZi Qiml + Cji Qi 

+ Cli Pi-l - cqi Pi 
(J  

+ di s i n  $i - di s i n  4. ) 
10 

where RXi = ki(ui - ui0 

RZi = kz(wi - w + di cos +i - di cos +io) i o  

mi = - RXi (C2i + di cos +i) 

Mi = RZi (Cli + di s i n  $i) 

The quant i t ies ,  Mi,  R Z i ,  MXi and M Z i  are the component force 
and moment reactions of the  res t ra in ing  springs on the vertebrae,  d i  i s  
the dis tance along the ver tebral  a x i s  from the i n f e r i o r  ver tebral  end 
p l a t e  t o  the point of attachment of the  rest ra ining spring and u i  and 
W i  a re  the  instantaneous configuration co-ordinates. For the  s e a t  back 
and face curtain r e s t r a i n t s ,  d i  was taken as h i ,  one-half the ver tebral  
height.  
lower ends of the T1 through T6 segment. 
the upper harness spring and zero for  the lower. 
kx and k Z  were selected on the basis  of eGerimenta1 work done by Vulcan 
and King (1970). Their tests had indicated an e f fec t ive  kx of 200 lb / in  
when the torso displacement and horizontal  shoulder s t r a p  force were 
considered. 
since Vulcan and King (1970) noted an approximately 150 l b  decrease i n  
the v e r t i c a l  portion of the shoulder s t rap .  
t i o n  on the e f fec t ive  e l a s t i c i t y  of the seat back and face curtain re- 
straint ,  the shoulder s t r a p  spring constants k, and kx were u t i l i z e d  
f o r  these res t ra in ing  springs as well. 
give reasonable r e s u l t s  when used i n  the face curtain f i r i n g  posi t ion.  
However, when the 5th percent i le ,  secondary "D" r ing  configuration was 
analyzed, excessive forward displacement and rotat ion of the torso took 
place due t o  the large forces generated by the free head. 
spring constants were u t i l i z e d  f o r  the shoulder s t r a p  unt i l  one which 
would allow only a r e l a t i v e l y  small l a t e r a l  displacement of the torso 
(one or two inches) was found. The spring constant, k,, u t i l i z e d  for  
the shoulder s t r a p  with the head free was 1400 lb/ in .  

The shoulder harness springs were attached a t  the upper and 
Thus d i  was set t o  2hi f o r  

The spring constants 

The v e r t i c a l  spring ccnstant kz was chosen a s  50 lb / in  

In the absence of informa- 

These constants appeared t o  

Several 

One additional r e s t r a i n t  was required t o  account f o r  the forces 
developed when the head strikes the an ter ior  chest  wall. 
was modelled a s  a l i n e a r  spring which was engaged when the head rotated 
45 degrees forward r e l a t i v e  t o  the torso.  
lected so t h a t  the head would not r o t a t e  more than 10 degrees fur ther  
a f t e r  engaging the  spring. 
dian. 

This r e s t r a i n t  

The spring constant was se- 

The spring constant so chosen was 100 lb/ra-  

With these modified equations of motion, the  One-Liu model was 
used t o  study the MK-JS(D) eject ion system. 
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BIOMECHANICAL DATA 

Prior  t o  exercising the constrained Orne-Liu model of the spine,  
the physical parameters of t he  model should be specif ied.  For the  pur- 
pose of t h i s  invest igat ion,  the material  propert ies  assumed by Orne and 
Liu (1971) f o r  shear,  axial  and bending behavior of  t he  d i s c  w i l l  be 
used. Thus, t he  v i scoe la s t i c  behavior of t h e  in t e rve r t eb ra l  d i s c  i s  
governed by a s ing le  s e t  of material  parameters: 
have the  values 0.030 sec,  1100 p s i ,  and 72 psi-sec respect ively.  The 
values of G ,  t he  shear modulus, and Eb, t he  bending modulus were taken 
as 2200 p s i  and 7700 p s i  respectively.  
associated with shear,  was taken t o  be 1.333 ( c i r cu la r  cross-section 
assumed). 

p1, qo, 91, which 

The shape f ac to r ,  F, normally 

The remaining input data  was taken and/or derived from the  r e -  
The i n i t i a l  values of spinal  curvature, $io,  s u l t s  of Kaplan (1972). 

were taken from the  spinal  alignments of  the aviators  as seated i n  the 
MK-J5(D) s e a t  (Figure 11). I t  should be noted t h a t  t he  angles reported 
by Kaplan (1972) were taken with respect  t o  the th rus t  ax i s  and not the 
v e r t i c a l  axis. For the MK-J5 s e a t ,  the  t h r u s t  ax i s  i s  ro t a t ed  rearward 
19 degrees from t h e  v e r t i c a l .  Also, f o r  one case (5th percent i le)  t he  
lumbar alignments f o r  an improved lumbar support pad described by 
Sanford and Kellet  (1966) were u t i l i z e d .  The ver tebral  height was 
taken as the dis tance between the  centers of the ver tebral  bodies as  
measured by Kaplan (1972), minus the d i s c  height used by Orne and Liu 
(1971). The calculat ion of m i ,  e i ,  and J i  was somewhat more complicated. 
Liu and Wickstrom (1972) reported regression equations f o r  m i ,  e i ,  and 
Ji derived from segmented cadavers. These equations give the  i n e r t i a l  
property d i s t r ibu t ion  of t he  human torso i n  a form tha t  can be used i n  
the Orne-Liu model. However, i n  order  t o  use the regression equations, 
t he  height,  weight, breadth and chest  depth of the individual a r e  r e -  
quired. Kaplan (1972) reported measurements of height,  weight and sit- 
t i ng  height.  
pe rcen t i l e  da t a  given by Kaplan (1972) and anthropometric measurements 
col lected by Schane e t  a l .  (1969). 
given i n  Table 2 .  

The additional required measures were determined using the 

The f i n a l  regression parameters a re  

TABLE 2 

INERTIAL DISTRIBUTIBN REGRESSION PARAMETERS 

Percent i le  Weight Height Chest Depth Hip Breadth 
[S i t t i ng  Height] [ lbs]  [ in] [in1 [in1 

5 1 4 4 . 1  64.3 20.0 31.83 

40 172.0 67.9 2 1 . 1  33.23 

95 189.5 75.5 2 2 . 1  34.63 

While these parameters define m i ,  e i ,  and J i  f o r  the to r so ,  i t  i s  not 
possible t o  calculate  the cervical  o r  head i n e r t i a l  propert ies  from the 
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Aviator (Taken from Kaplan) 
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regress ion  equat ions .  Thus, t h e  c e r v i c a l  and head i n e r t i a l  d a t a  are 
taken from Pont ius  e t  a l .  (1972). An add i t iona l  cons idera t ion  i n  t h e  
p re sen t  i n v e s t i g a t i o n  i s  the  mass o f  t h e  helmet which i s  worn by t h e  
a v i a t o r .  The phys ica l  p r o p e r t i e s  a s soc ia t ed  with t h e  helmet were de- 
termined by t h e  methods o f  Walker e t  a l .  (1973) and Liu e t  a l .  (1971). 
To f i n d  t h e  c e n t e r  of  g r a v i t y  (c .g . )  o f  t h e  helmet,  with v i s o r  down, i t  
was hung from two po in t s  i n  t h e  m i d s a g i t t a l  p lane  (Figure 12) .  I t  was 
seen t h a t  t h e  c .g .  o f  t h e  helmet approximated t h e  l o c a t i o n  o f  t h e  c .g .  
o f  t h e  head as given by Walker e t  a l .  (1973). Thus, it was assumed 
t h a t  t h e  helmet mass (0.088 lb - sec2 / in )  and mass moment of i n e r t i a  
(0.118 lb-sec2/ in)  could simply be added t o  the  r e s p e c t i v e  va lues  f o r  
t h e  head. 

Using t h e  r eg res s ion  parameter va lues  given i n  Table 2 ,  t h e  re- 
gress ion  equat ions of Liu and Wickstrom (1972), and t h e  d a t a  given i n  
Kaplan (1972), t h e  complete se t  of  input  d a t a  f o r  t h e  S th ,  40th,  and 
95th p e r c e n t i l e  a v i a t o r s  were determined (Tables 3-5) .  

RESULTS AND DISCUSSION 

The i d e a l i z e d  t r apezo ida l  a c c e l e r a t i o n  pu l se  appl ied  v e r t i c a l l y  
a t  t h e  base  o f  t h e  sp ine  i s  shown i n  Figure 13  along with an a c t u a l  re- 
cord o f  a MK-JS(D) a c c e l e r a t i o n  time h i s t o r y .  The t r apezo ida l  acce lera-  
t i o n  pu l se  was used t o  s tudy  seve ra l  conf igura t ions  of  t h e  model as 
given i n  Table 6 .  The conf igura t ions  were s e l e c t e d  mainly on the  b a s i s  
o f  s p i n a l  alignment da t a  repor ted  by Kaplan (1972) f o r  t h e  face  c u r t a i n  
(pos i t i on  1) and secondary "D" r i n g  (pos i t i on  2 )  e j e c t i o n  p o s i t i o n s  of  
t h r e e  a v i a t o r s  s ea t ed  i n  t h e  MK-JS(D) e j e c t i o n  sea t .  Three a v i a t o r s ,  
S th ,  40th and 95th p e r c e n t i l e  men i n  terms of  t h e i r  s i t t i n g  he igh t ,  were 
s e l e c t e d  t o  r ep resen t  t h e i r  anthropometr ic  c l a s s .  The c o n s t r a i n t s  were 
va r i ed  s o  t h a t  t h e  e f f e c t s  o f  seat  back, face c u r t a i n  and shoulder  har -  
ness  r e s t r a i n t s  could be s tud ied .  Addi t iona l ly ,  t he  lumbar sp ina l  
alignment induced by an improved McDonnell lumbar pad d iscussed  by 
Sanford and Kel le t  (1966) was s tud ied .  

The f i r s t  conf igu ra t ion  served  t o  de f ine  t h e  b a s i c  unconstrained 
response o f  t h e  s p i n a l  column t o  caudocephalad a c c e l e r a t i o n  and was 
used as a b a s e l i n e  t o  observe changes induced by t h e  add i t ion  of  r e -  
s t r a i n t s .  The graphica l  r e s u l t s  shown i n  Figures  14 through 18 give 
t h e  unconstrained response of  t h e  5 th  p e r c e n t i l e  a v i a t o r .  In these  and 
a l l  fol lowing f i g u r e s ,  a x i a l  compressive fo rces ,  bending moments which 
induce compression i n  t h e  a n t e r i o r  h a l f  o f  t h e  v e r t e b r a l  body, and 
shear ing  fo rces  d i r e c t e d  a n t e r i o r l y  are p l o t t e d  with p o s i t i v e  o rd ina te s .  
A s  could be expected o f  t h e  case without  r e s t r a i n t ,  t he  t o r s o  f l e x e s  
r a p i d l y  and reaches a ho r i zon ta l  p o s i t i o n  a t  170 m s .  
t he  reg iona l  v a r i a t i o n  i n  f o r c e s ,  an "ef fec t ive"  normal compressive 
stress was c a l c u l a t e d  according t o  t h e  s t r e n g t h  of  materials formula: 
aC = P/A f Mc/I. P o s i t i v e  va lues  of t h i s  func t ion  i n d i c a t e  t h e  e x i s -  
tence o f  n e t  compressive stress on t h e  a n t e r i o r  h a l f  o f  t h e  v e r t e b r a l  
body. Addi t iona l ly ,  an e f f e c t i v e  a x i a l  stress, OA = P/A, was ca lcu la -  
ted .  Both e f f e c t i v e  stress func t ions  were ca l cu la t ed  us ing  t h e  fo rces  

In o r d e r  t o  s tudy 
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Figure 12 .  Center o f  Gravity of  Aviator's Helmet 
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Figure 13. MK-JS(D) Acceleration Pulse 
with Trapezoidal Idealization 

"9"--\-- 170 ES 

1 ,  I 
-3 0 3 6 9 12 

LATERAL DISPLACWDT, I N  

Figure 14. Spinal Alignment, 5th Percentile, 
Position 1, Unrestrained 
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TABLE 6 

MODEL CONFIGURATIONS 

PERCENTILE MAN INITIAL 

P-N 
CoNFIGURAT1oN ( S i t t i n g  Height) SPINAL 

1 5 1 None 

RESTRAINTS 

2(a) :. 5 1 Face Cur t a in ,  Shoulder 
I-farness 

1 Face Cur t a in ,  Shoulder 
Harness 

2 (c) 95 1 Face Cur t a in ,  Shoulder 
Harness 

5 1 Face Cur t a in ,  Shoulder 
Harness,  Seat  Back 

3 (b) 40 1 Face Curtain,  Shoulder 
lfarness, Seat  Back 

3 ( c )  95 1 Face Curtain,  Shoulder 
l iarness,  Seat  Back 

4 5 2 Shoulder IIarness, Seat  Back 

5 5 McDonnell Face Curtain,  Shoulder 
Pad Ilarness, Seat  Back 
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and moments e x i s t i n g  on t h e  s u p e r i o r  sur face  of t h e  r i g i d  v e r t e b r a l  
body. 
The maximum normal stress is  seen t o  occur 8t L5 but  t h i s  peak i s  due t o  
t h e  clamped beam boundary condi t ion.  
more i n d i c a t i v e  of t h e  l o c a t i o n  of  maximum stress.  Figure 16 shows t h e  
v a r i a t i o n  o f  maximum a x i a l  force and e f f e c t i v e  axial stress f o r  t h e  un- 
constrained case. The maximum axial f o r c e  i s  found a t  t h e  base of  t h e  
sp ine  b u t  t h e  maximum a x i a l  stress OCCUTS i n  t h e  lower and middle thor -  
a c i c  region.  
s e v e r a l  ins tances  (Table 7) ,  maximum a x i a l  stresses d i d  occur i n  t h e  
upper lumbar region b u t  when t h i s  was t h e  case secondary maximums, usu- 
a l l y  only severa l  percent  less i n  magnitude, were found h igher  i n  t h e  
column. I t  
appears t h a t  t h e  v a r i a t i o n  of c ross -sec t iona l  a r e a  of t h e  d i s c s  and ver-  
tebrae  i s  such t h a t  a constant  a x i a l  stress is  maintained i n  t h e  column. 
The time h i s t o r i e s  of t h e  axial force ,  bending moment, and shear  force  
on t h e  s u p e r i o r  sur face  o f  L 1  are shown i n  Figure 17. The time of maxi- 
mum normal stress corresponds t o  t h e  occurence of  peak bending moment 
s i n c e  t h e  a x i a l  force  i s  r e l a t i v e l y  cons tan t .  Figure 18 shows t h e  axial 
f o r c e  and bending moment d i s t r i b u t i o n  along t h e  s p i n a l  column a t  170 ms. 

Figure 15 shows crc f o r  t h e  unconstrained 5 t h  p e r c e n t i l e  a v i a t o r .  

Thus t h e  secondary peak a t  L2 i s  

This was found t o  be true f o r  a l l  cases s tudied .  In 

The a x i a l  stress was r e l a t i v e l y  constant  along t h e  column. 

Resul ts  f o r  Configuration 2 are given i n  Figures 19 through 23. 
Figure 19 shows t h e  displacements of t h e  s p i n a l  column when t h e  lower 
ver tebrae  a r e  n o t  cons t ra ined ,  
t h e  shoulder harness  and face  c u r t a i n  prevent  f l e x i o n  of t h e  t o r s o .  
Thus, t h e  r e s u l t i n g  deformation of  t h e  column is  r e s t r i c t e d  mainly t o  
t h e  lower t h o r a c i c  and lumbar regions.  
normal stress a t  p o i n t s  of maximum s p i n a l  curvature  as can be seen from 
Figure 20.  I t  should be emphasized a t  t h i s  p o i n t  t h a t  t h e  displacement 
curve i s  t h e  l o c i  of a l l  t h e  midpoints of t h e  i n f e r i o r  v e r t e b r a l  end- 
p l a t e s  while t h e  f o r c e s  are taken with r e s p e c t  t o  t h e  s u p e r i o r  endplates .  
The 5 th  p e r c e n t i l e  a v i a t o r  has a maximum normal stress a t  L 1 ,  t h e  40th 
a t  T12,  and t h e  95th a t  T9. These dynamic stress l e v e l s  coincide a l -  
most e x a c t l y  with t h e  s t a t i c  observat ions of: Kaplan (1972) who predic ted  
t h a t  maximum stress l e v e l s  would occur a t  T12 ,  T11, and T9, respec t ive ly .  
Thus, t h e  curvatures  a s  determined from s p i n a l  alignment x-rays under 
s t a t i c  condi t ions a r e  usefu l  f o r  determining s p i n a l  i n j u r y  l e v e l s  f o r  
t h i s  e j e c t i o n  configurat ion.  Later r e s u l t s  i n d i c a t e  t h e  same t o  be t r u e  
for a l l  conf igura t ions  u t i l i z i n g  t h e  face c u r t a i n  mode of  egress .  
t h e  head f r e e  o r  secondary I’D’’ r i n g  conf igura t ion ,  p o s i t i o n  2 ,  t h e  maxi- 
mum normal stress occurs  i n  t h e  middle and upper t h o r a c i c  region due t o  
t h e  e f f e c t s  of  head movement and head impact on t h e  a n t e r i o r  chest  wall. 
Figure 21 shows t h e  maximum a x i a l  f o r c e  and bending moment d i s t r i b u t i o n  
f o r  t h e  5th p e r c e n t i l e  a v i a t o r .  The bending moment values  a r e  zero f o r  
L5 and L4 s i n c e  only moments tending t o  f l e x  t h e  column were csnsidered.  
The time h i s t o r i e s  of a x i a l  f o r c e ,  bending moment, and shear ing force  
f o r  L 1 ,  t h e  l e v e l  of maximum normal stress fo r  t h e  5 th  p e r c e n t i l e  av ia-  
t o r ,  a r e  given i n  Figure 22 .  
p a r a l l e l s  t h e  r i se  of t h e  a c c e l e r a t i o n  as given i n  Figure 13. Since t h e  
a x i a l  f o r c e  remains r e l a t i v e l y  Constant a f t e r  130 m s ,  t h e  bending moment 
d i c t a t e s  where t h e  maximum normal stress occurs.  The head r e s t r a i n t  

Comparing Figures 14 and 19, we see  t h a t  

This se rves  t o  p lace  t h e  maximum 

For 

As can be seen, t h e  a x i a l  f o r c e  . l eve l  
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Figure 22 .  Time History o f  Axial Force, Shear Force, and Bending Mo- 
ment of  Superior  Surface o f  L 1 ,  5 th  P e r c e n t i l e ,  Pos i t i on  1, 
Face Curtain,  Shoulder Harness 
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Figure 23. Face Curtain Force, 5th Percentile, Position 1, Face 
Curtain, Shoulder Harness 
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fo rce  i s  shown i n  Figure 23 .  Peak values  of  t h i s  f o r c e  a r e  i n  the  same 
order  o f  magnitude as t h e  r e s u l t s  of  Vulcan and King (1970). 

The r e s u l t s  o f  Configurat ion 3,shown i n  Figures  24 through 27, 
g ive  t h e  outputs  f o r  t h e  5 t h ,  40th and 95th p e r c e n t i l e  a v i a t o r  with 
face  c u r t a i n ,  shoulder  harness  and s e a t  back c o n s t r a i n t s .  The seat 
back c o n s t r a i n t  was i d e a l i z e d  t o  give lateral  but  no v e r t i c a l  support .  
There probably e x i s t s  a c e r t a i n  amount o f  v e r t i c a l  support  due t o  
f r i c t i o n ,  as i s  t h e  case with t h e  shoulder  harness ,  bu t  t h i s  e f f e c t  was 
neglec ted .  Comparing t h e  r e s u l t s  o f  Figuras  19 and 24 shows t h a t  t h e  
l a t e r a l  r e s t r a i n t  p revents  t h e  bowing ok t h e  lower column. Figure 25 
shows a 75% reduct ion  i n  normal stress due t o  t h e  l a t e r a l  r e s t r a i n t .  
The amplitudes o f  peak normal stress have a l s o  gene ra l ly  s h i f t e d  t o  a 
l e v e l  lower i n  t h e  s p i n a l  column. The '5th p e r c e n t i l e  peak occurs  a t  
L 2 ,  t he  40th a t  T10, and t h e  95th a t  T10. When l a t e r a l  movement i s  cur-  
t a i l e d ,  t he  g r e a t e r  i n f luence  of  a x i a l  s t r e s s  on the  normal stress i s  
apparent .  The a x i a l  stress comprises approximately 30% of  t h e  normal 
s t r e s s  with la teral  support  whereas with no l a t e r a l  suppor t ,  i t  only  
represented  8%. Hence, one can conclude t h a t  l a te ra l  suppor t ,  i n  t he  
form o f  a proper ly  designed back pad and harness  system, can prevent  
excess ive  a n t e r i o r  compressive s t r e s s e s  with i t s  r e s u l t i n g  a n t e r i o r  l i p  
f r a c t u r e .  
gree of  support  requi red .  There i s  probably a s u b s t a n t i a l  degree o f  
movement allowed s i n c e  t h e  curva tures  of  t he  sp ine  would prevent  i n t i -  
mate con tac t .  Addi t iona l ly ,  t h e  r i b  cage humps p o s t e r i o r l y  and pre-  
vents  spinous processes  from contac t ing  t h e  s e a t  back. Since a la teral  
d e f l e c t i o n  o f  only 0 .5  i n .  i s  s u f f i c i e n t  t o  cause l a r g e  bending stres- 
s e s ,  a pad which i s  s p e c i f i c a l l y  and i n t i m a t e l y  contoured f o r  each av i -  
a t o r  might be one of t he  s impler  so lu t ions  t o  t h e  e j e c t i o n  problem. 
Al t e rna t ive ly ,  t h e  support  might be designed t o  p l ace  a l l  s p i n a l  regions 
i n  ex tens ion  s o  as  t o  load t h e  p o s t e r i o r  lamina and ped ic l e s  and thereby 
inc rease  t h e  e f f e c t i v e l y  loaded a rea .  Figure 26 shows t h e  maximum a x i a l  
force  and a x i a l  s t r e s s  l e v e l s .  Again, i t  can be seen t h a t  a x i a l  s t r e s s  
l e v e l s  remain f a i r l y  cons tan t .  The inc rease  i n  a x i a l  fo rce  l e v e l s  from 
t h e  5 th  t o  95th p e r c e n t i l e  a v i a t o r s  i s  due t o  t h e  inc rease  i n  mass. 
However, i t  should be noted t h a t  t h e  c ros s - sec t iona l  a r ea  of t he  d i sc s  
and ver tebrae  used were t h e  same f o r  a l l  runs .  Since d i s c  and v e r t e -  
b r a l  a r eas  increase  i n  propor t ion  t o  o v e r a l l  body s i z e ,  i t  i s  poss ib l e  
t h a t  t he  sp ines  of  each a v i a t o r  would be sub jec t ed  t o  t h e  same a x i a l  
stress l e v e l s .  Thus, t he  i n i t i a l  s p i n a l  conf igura t ion ,  through i t s  i n -  
f luence  on the  loca t ion  of  maximum bending stress, would govern the  
l e v e l  of  a n t e r i o r  s p i n a l  f r a c t u r e .  The time h i s t o r i e s  o f  fo rce ,  bending 
moment, and shear ing  fo rce  a t  L2 f o r  t h e  5 th  p e r c e n t i l e  a v i a t o r  a r e  
given i n  Figure 27. 

The s e a t  back i t s e l f  would n o t  n e c e s s a r i l y  provide t h e  de- 

Figures  28  through 31 g ive  the  r e s u l t s  of  Configurat ion 4 ,  i . e . ,  
t h e  5th p e r c e n t i l e  with shoulder  harness  and s e a t  back r e s t r a i n t ,  but  
t he  head i s  f r e e .  
28 would not  be as  pronounced i f  t he  column had been d i s c r e t i z e d .  I f  
t h i s  had been done, t h e  bending and a x i a l  fo rces  would have been d i s -  
t r i b u t e d  over  the  add i t iona l  d i s c s  and ve r t eb rae .  However', t he  

The displacement of t h e  T1-6 segment seen i n  Figure 
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conf igu ra t ion  does se rve  t o  show t h a t  t h e  maximum normal stress i s  
s h i f t e d  t o  t h e  upper t h o r a c i c  region (Figure 29) when t h e  face c u r t a i n  
i s  n o t  used. I t  a l s o  exp la ins  t h e  observat ion of  Latham (1957) t h a t  
i n a d v e r t e n t  e j e c t i o n  with loose harness  and f a i l u r e  t o  u t i l i z e  t h e  face 
c u r t a i n  always r e s u l t e d  i n  a f r a c t u r e  i n  t h e  region o f  T6. The time 
h i s t o r i e s  o f  a x i a l  fo rce ,  bending moment, and shear ing f o r c e  a t  T7 are 
given i n  Figure 30. Figure 31 gives  t h e  maximum a x i a l  f o r c e  and bend- 
i n g  moment d i s t r i b u t i o n  f o r  t h e  s p i n a l  column with t h e  head free. 
each f i g u r e  t h e  e f f e c t  o f  t h e  f r e e l y  d i s p l a c i n g  head can be seen. 

In 

One f i n a l  conf igu ra t ion  was s t u d i e d .  Sanford and Kellet (1966) 
r epor t ed  on an improved lumbar pad t o  be used by t h e  U.S. Navy i n  t h e  
MK-HS/H7F-l s e a t .  The lumbar cu rva tu res  r epor t ed  f o r  a 15th p e r c e n t i l e  
a v i a t o r  were used along with t h e  anthropomorphic d a t a  f o r  t h e  5 t h  pe r -  
c e n t i l e  a v i a t o r  as r epor t ed  by Kaplan (1972). Figures 32 through 35 
g i v e  t h e  r e s u l t s  f o r  t h e  face c u r t a i n ,  shoulder  harness  and seat re- 
s t r a i n t  conf igu ra t ion .  The main e f f e c t  of  t h e  lumbar pad i s  t o  p l ace  
t h e  column i n  hyperextension as can be seen i n  Figure 32. This  allows 
t h e  p o s t e r i o r  v e r t e b r a l  elements t o  c a r r y  a p o r t i o n  of  t h e  a x i a l  and 
bending load and thus g r e a t l y  decreases  t h e  a n t e r i o r  stress as can be 
seen i n  Figure 33. However, t h e  a x i a l  f o r c e  l e v e l s  and stresses are 
increased.  Figure 34 shows t h e  time h i s t o r y  of  t h e  a x i a l  f o r c e ,  bend- 
ing  moment and shear ing s t r e s s  a t  T7. Figure 35 gives  t h e  a x i a l  fo rce  
and bending moment d i s t r i b u t i o n  a t  150 m s .  

A synopsis of t h e  r e s u l t s  f o r  t h e  var ious runs i s  given i n  Table 
7 .  Maximum a x i a l  f o r c e s  a r e  seen t o  occur i n  t h e  lower lumbar region.  
However, s i n c e  d i s c  c ros s - sec t iona l  areas vary,  t h e  maximum a x i a l  
stresses occur  i n  t h e  lower t h o r a c i c  and upper lumbar regions.  
i n i t i a l  con f igu ra t ions  which p l ace  t h e  l e v e l  o f  maximum bending stress 
i n  t h e  thoracolumbar region should be avoided, s i n c e  t h e  maximum normal 
s t r e s s  then i n d i c a t e s  a s t rong  p r o b a b i l i t y  of  a n t e r i o r  l i p  f r a c t u r e  
t h e r e .  Yamada (1970) found compressive v e r t e b r a l  f a i l u r e  occurred when 
t h e  body of  t h e  v e r t e b r a  was exposed t o  s t r e s s e s  g r e a t e r  than 908 t o  
1249 l b / i n 2 .  
support  stress l e v e l s  of  up t o  200 t o  300% of  t h e  f a i l u r e  l e v e l  can 
occur .  I f  t h e  head i s  f r e e ,  t h e  s t r e s s  l e v e l s  obtained i n d i c a t e  a very 
s t rong  l i ke l ihood  of f r a c t u r e .  I f  one accepts  t h e  use of e f f e c t i v e  
normal stress a s  a c r i t e r i o n ,  t h e  n e c e s s i t y  of u t i l i z i n g  t h e  face cur-  
t a i n  and having adequate seat back support  i s  very c l e a r l y  ind ica t ed .  

Thus, 

Values i n  Table 7 i n d i c a t e  t h a t  with inadequate l a t e r a l  

The f a c t  t h a t  t h e  s i t u a t i o n  i s  no t  q u i t e  as c r i t i c a l  as ind ica t ed  
i n  t h e  proceeding paragraph i s  probably due t o  two sources:  

1. One of  t h e  b a s i c  assumptions of t h e  Orne-Liu model i s  t h e  
i d e a l i z a t i o n  o f  t h e  s o f t  t is ,sues  as a r i g i d  body. Thus, o f  t h e  two as- 
signed p r o p e r t i e s  of t h e  s o f t  t i s s u e s ,  i n e r t i a  and e l a s t i c i t y ,  only 
t h e  i n e r t i a  has been r e t a ined .  . T h i s  i s  a cau t ious  formulation o f  t h e  
problem s i n c e  t h e  deformations of  t h e  s o f t  t i s s u e s  would a l l e v i a t e  t o  a 
cer ta in  e x t e n t ,  t h e  s t r e s s e s  experienced by t h e  ve r t eb rae .  This ap- 
proach was adopted t o  make t h e  a n a l y t i c  problem t r a c t a b l e  while 
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providing an upper bound e s t ima te  of t h e  fo rce  l e v e l s  found i n  t h e  real 
case .  

2 .  The f a i l u r e  loads given by Yamada (1970) are from q u a s i s t a t i c  
I t  i s  well-known t h a t  a t  t h e  high s t r a i n  ra te  encountered i n  p i -  tes ts .  

l o t  e j e c t i o n ,  t h e  f r a c t u r e  stress i s  considerably h ighe r  than i n d i c a t e d  
by t h e s e  va lues .  

1. 

2 .  

3 .  

4. 

5. 

6 .  

7.  

8 .  

9 .  

10. 

11. 

CONCLUSIONS 

Spinal  alignment p r i o r  t o  e j e c t i o n ,  i . e . ,  i n i t i a l  con f igu ra t ion ,  i s  
a major f a c t o r  i n  determining t h e  l o c a t i o n  and magnitude of maximum 
v e r t e b r a l  s t r e s s e s  f o r  a given s e t  of  r e s t r a i n t s .  

A prope r ly  designed back pad and harness  system could prevent  ex- 
c e s s i v e  a n t e r i o r  v e r t e b r a l  s t r e s s e s  when t h e  face c u r t a i n  i s  u t i l -  
i z e d .  

The secondary "D" r i n g  e j e c t i o n  p o s i t i o n  causes excessive normal 
s t r e s s e s  on t h e  a n t e r i o r  edges o f  upper and middle t h o r a c i c  v e r t e -  
b rae .  

The f a c e  c u r t a i n  and shoulder  harness  r e s t r a i n t s  s e r v e  t o  p l ace  t h e  
maximum normal s t r e s s  i n  regions of maximum s p i n a l  curvature .  

The l o c a t i o n s  of maximum normal s t r e s s  l e v e l s  can be p red ic t ed  from 
s p i n a l  cu rva tu res  as determined from x-rays under s t a t i c  condi t ions 
f o r  t h e  f ace  c u r t a i n  e j e c t i o n  p o s i t i o n .  

The occurrence of  maximum normal s t r e s s  corresponds t o  t h e  occur- 
rence of  maximum bending moments. 

The e f f e c t  of  s e a t  back r e s t r a i n t  i s  t o  reduce maximum normal stres- 
s e s  and s h i f t  t h e i r  l oca t ion  cauda l ly .  

A s t r o n g  p r o b a b i l i t y  o f  a n t e r i o r  l i p  f a i l u r e  e x i s t s  when t h e  f a c e  
c u r t a i n  i s  not  u t i l i z e d  o r  i f  inadequate ( p o s t e r i o r - a n t e r i o r )  sup- 
p o r t  i s  given t o  t h e  s p i n a l  column. 

The use of  a lumbar pad which p l aces  t h e  lumbar sp ine  i n  extension 
g r e a t l y  reduces t h e  a n t e r i o r  normal s t r e s s e s .  

Maximum a x i a l  s t r e s s e s  occur i n  t h e  lower t h o r a c i c  and upper lumbar 
r eg ions .  Secondary maximums occur i n  t h e  middle and upper t h o r a c i c  
column. 

Var i a t ions  i n  t h e  c r o s s - s e c t i o n a l  areas o f  t h e  d i s c s  and ve r t eb rae  
r e s u l t  i n  a s t a t e  of  r e l a t i v e l y  cons t an t  a x i a l  s t r e s s  being main- 
t a i n e d  i n  t h e  s p i n a l  column during e j e c t i o n .  
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RECOMMENDATIONS 

1. Any e j e c t i o n  seat  design o r  improvements should be s t u d i e d  i n  a math- 
ematical  model such as used here  t o  eva lua te  t h e  e f f e c t i v e n e s s  o f  t h e  
design o r  improvement i n  reducing t h e  i n t e r v e r t e b r a l  j o i n t  stresses. 

2.  An experimental  program i s  u rgen t ly  needed t o  determine t h e  s t r e s s  
l e v e l s  r equ i r ed  and t h e  mechanisms involved i n  v e r t e b r a l  f a i l u r e  un- 
d e r  combined s t a t e s  of  stress. 
p o r t  systems should be p r e d i c a t e d  on t h i s  knowledge. 

Proper design o f  x e s t r a i n t  and sup- 

3 .  Studies  should be undertaken t o  provide a s t a t i s t i c a l l y  s i g n i f i c a n t  
se t  o f  s p i n a l  alignment d a t a  f o r  p i l o t s  with a view toward develop- 
i n g  a p e r c e n t i l e  s p i n a l  conf igu ra t ion  populat ion.  To complement 
t h i s  d a t a ,  anthropometric measurements needed f o r  i n e r t i a l  proper- 
t i e s  determinat ion should be gathered concurrent ly ,  i . e . ,  he igh t ,  
weight,  s i t t i n g  h e i g h t ,  ches t  depth,  ches t  breadth,  and h i p  breadth.  

4 .  Upon completion o f  t h e  experimental  program, a s p i n a l  support  sys -  
tem should be designed to 'minimize s t r e s s e s  during e j e c t i o n .  This 
should be accomplished using d a t a  gathered during t h e  experimental  
phases and a v a i l a b l e  mathematical modelling techniques.  

Any improved r e s t r a i n t  design should be capable of  being i n s t a l l e d  
on e x i s t i n g  e j e c t i o n  seats.  

5 .  

6 .  Complete s p i n a l  alignment x-rays should be taken while t h e  McDonnell 
lumbar pad and any o t h e r  similar devices  a r e  i n  p l ace .  
should then be sub jec t ed  t o  a n a l y s i s  by c u t r e n t l y  a v a i l a b l e  t echn i -  
ques.  

The d a t a  
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